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INTRODUCTION

In an offshore environment, soil deposits are submerged under a certain depth in
the water. If this environment affects the seismic response of the soil deposits, the onshore
seismic ground response records can not be used directly for the seismic response analysis
of offshore structures. However, the seismic offshore ground motion records are scarce
and those recorded in onshore are often used directly without consideration of their

applicability to the offshore environment.

A combination of the S-waves and P-waves forms the horizontally propagating
Rayleigh waves to satisfy the homogeneous boundary conditions of the soil medium.
Since the Rayleigh waves are partly formed by the P-waves, the water above and inside of
the soil deposits may be strongly coupled with the soil skeleton to modify the soil motions.
The Rayleigh waves are long period waves and often significant in long period components
of seismic ground motions. Since the fundamental periods of pile-supported offshore
platforms are relatively long, they may be excited significantly by the Rayleigh waves.
Therefore, it is very important to study the offshore environment effects on those waves.
As the first step to understand the difference between the offshore and onshore seismic
motions, the offshore environment effects are investigated for individual mode of Rayleigh

waves in this study. They are also investigatd briefly for the body waves as a spcial case.



MATHEMATICAL FORMULATION

1. Field Equation

The equations of motion for small strains of a saturated porous media are provided
by Biot (1). The porous media can be viewed as a mixture of solid-phase skeleton and

fluid-phase pore. A dynamic equilibrium equation can be written for solid-fluid phases as:

L'+ pb - pii - pW =0 (1)

and also a generalized Darcy law for the dynamic equilibrium of the fluid is expressed as

Vr + pgb - kW - pi - (/)W =0 @

where a superposed dot indicates a tirr;e derivative , G = total stress vector, u and w =
displacement vectors containing the displacements of solid-phase and displacernents of
fluid-phase relative to the solid phase, respectively, n = porosity, k = ko/(ps g) with kg =
permeability coefficient and é: gravity, p and ps = densities of fluid-solid mixture and
fluid, respectively, b = unit volume body force vector, & = pore fluid pressure (>0 for

tension), VT = (8/0x1, 0/9xz, d/0x3), and
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It is noted that the relative fluid displacement ,w, is defined as w = n(V-u), where V;is the
displacement field for fluid defined so that the volume of fluid displaced through a unit area

perpendicular to x; axis is nV;. The total stress and density of the mixture are

¢ = (1-n)og + nTmM

4
p = (1-n)p; + np; @)

where p; = density of soil material, G = solid phase stress vector and mT = (1,1,1,0,0,0).
The stress-strain relationship of a linear isotropic elastic material is
G =De + amn (Sa)

or

o = (D + c2QmmD)e +.aQmg

(5b)
= (D + c2QmmT)Lu + oQmV w
and the constitutive relationship for the fluid phase is
7 =0oQm’e + Qg (6)

= oQm’Lu + :QVTW

where e (= Lu) and { (= VTw) are strains in the solid and the volumetric strain in the fluid
respectively; D = drained material stiffness matrix; and o and Q= parameters explained

later. According to Simon et al. (3,4), the following relations are obtained:
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where K, = bulk modulus relating pore fluid pressure to volumetric strain in the solid
skeleton ( e. g. © = KgnTe); Ky = bulk modulus of drained solid skeleton = E/(3(1-2v))

with drained elastic constants E and v; and K¢ = bulk modulus of the fluid.

Substitutions of Eq. 5b into Eq. 1 and of Eq. 6 into Eq. 2 result in

_LT(D +o2Qmm”)Lu + LTanVTw +pb - pii- pw =0

VaQmTLu + VQV'w + pb - kW - piii - (p/m)# = 0 ®)

2. Finite Element Formulation

The medium is djvidqd into a number of horizontal homogeneous layers and the
coordinate system is assigned as shown in Fig. 1. Plane strain conditions, du/dz = dw/dz
=0, are considered. Adopting the interpolations scheme in y direction and assuming
waves propagating in the positive x direction, displacements of a fluid saturated layer of
thickness H are expressed as

u(x,y) = N, () Uy ™ + N, (y) U,e™ )

wx,y) = N,(y) W, ginx 4 N, (¥) er-ihx
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or in a more compact form

- -ihx
u(x,y) = N(y) Ue 10)

w(x,y) = N(y) We

where h = wave number; i = -1; U; e-iix and U, e“™ = solid-phase displacement vectors at
the top and bottom end of the layer, respectively; W, g-ihx and W, e-it* = fluid-phase
relative displacement vectors at the top and bottom ends of the layer, respectively; UT =

(U;T UT); WT = (W T W,T); and

Ne 0 N 0 7
N(y) =

0 N 0 N (11)

- y _y
Na(y)-—-lﬂ-ﬁ al'ld Nb(Y)—E

Consider a layer subjected to the vertical and horizontal tractions at the top end,
p1(x) = Pye-iix and the tractions at the bottom end, pa(x) = Poe-ix, Then, the Galerkin

procedure results in

~

H .
j NT Fxy) dy = p(x) )
L}

where F(x,y) = equilibrium equation expressed as ¥(x,y) =0; and px)T = (p1(x)T

p2(x)T). Substitutions of Eq. 10 into Eq. 8 and then Eq. 8 into Eq. 12 lead to
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H H
J NTLT® + 02Qmm”) LNe"™*U dy + j' NTLT0OmV™Ne W dy -
0 0

H H
J NTpNe' hxy dy - J NTpre'ih"W dy =p,eih*
0 0

H H H
j NTVoQmTLNe U dy + J’ NTVQV Ne ™ w dy j Nk NeiP*W gy -
0 0 0

H H
j NTp,Ne ™0 dy - j NN W dy = pweit™ (13)
0 i

After performing a partial differentiation with respect to x required in L and V and dividing

the left- and right -hand sides of the equation by e-ix, two equations in Eq. 13 are rewritten
in a single matrix equation expressed by

|:muu muw:HU} 0 0 {U} Kyy Kuw {U} P,
mwumww+0 waW+kwukw sz 14

where the first, second and third matrices are mass, damping and stiffness matrices,

respectively. The inside terms of those matrices are defined by



U

DIEEEEEE
s

H H
my,, = pJ.NTN dy M= Myy = prNTN dy My =5
0 0
H
Cow = k'leTN dy
0

H H
Kun =IB3(D +a2Qmm?) B, dy Kyw = k$u= ocQjB;lrm B, dy
0 0

H
Kow = Q_[B:: B,, dy (15)
0
where
B,=f£N and B,=VYN (16)
with
d
-ih 0 —_
T dy
f = g
O E -lh
(17}
T _sn 4o
V' =(ih, )

The results of evaluation of Eq. 15 are given in Tables 1 through 3.

Following the standard finite element method procedure, the finite element equation

of motion of a water saturated layered medium can be formulated after superimposing the

matrices of all layers. This results in



MU + CU+ KU=P (18)

where M, C and K = global mass, damping and stiffness matrices obtained after
superimposing those of layer matrices, respectively; UT = (UTWT), PT = (P,T P,T).
The Rayleigh waves can be defined from the homogeneous boundary conditions (P = 0in

Eg. 18) and a harmonic motion field, and thus by solving
[-w*M(h) + ioC(h) +K(h)U = 0 (19)

where @ = circular frequency. Expressions of M, C and K given in Tables 1 through 3

enable Eq. 19 to be rewritten as
P E(@) + ihF(@) + G(@)] U =0 (20)

Eigenvalues (@ or h) and eigenvectors (U) are determined by either Eq. 19 for given h or

Eq. 20 for given .

Phase velocities of the Rayleigh waves are

Vor= 21)

According to Lysmer (2), group velocities of the Rayleigh waves are

To
do Ua_hKU

2 dh yTpeM-iCU

<
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|
!

22)



The derivation of Eq. 22 is given in Appendix A.

NUMERICAL STUDIES

1. Rayleigh Wave Generation

For a given frequency, wave numbers determined by solving Eq. 20 are complex
numbers in general. All of those waves are called as the gcnefalized Rayleigh waves. Only
those with non-zero real part of wave number can propagate in x direction and are
recognized at distances far from the seismic source. When the waye number consists of
both real and imaginary parts, those propagating waves decay with the distance x and the
rate of decay is proportional to the value in the imaginary part. On the other hand, the
generalized Rayleigh waves with pure imaginary wave number do not form wave motions

in the x direction.

For a given frequency, the wave numbers and their mode shapes can be determined
by solving Eq. 20 for a descritized horizontally layered medium. Thus, superimposing .
those mode shapes, the displacements of a free-field soil deposit along the depth can be

expressed as

U(x,m) = q)}.(cn)e ! . (23a)

or in a more compact form



U(x,m) = @(x,@) N (23b)

where h; and ¢;(®) = jth wave number and its associated Rayleigh wave mode shape vector,
respectively; ;= jth generalized coordinate; and ¢;(c) & X occupies the jth column in

D(x,m).

It is assumed that U(xq,®) is the w-frequency component of the displacement vector -
U(xg,t), at a certain lateral distance xg. Such U(xg,t) may be determined by the analysis of
near-field motions induced by a specific seismic source. Then, Eq..23b results in the

following equation to define nj:

U(x,:0) = O(x,,@) N (24)

After determing M by solving Eq. 24 for various frequency components, the Rayleigh wave
motions at the distance x can be computed by Eq. 23a or 23b for those frquencies. Those

motions are related to the time-domain motions through a Fourier inverse.

2. Conditions Considered

Soil deposits in an offshore environment are submerged and located under a certain
depth in the sea water. In order to look at the effects of such an environment, wave modes
and dispersion curves of Rayleigh waves were computed for the three cases as shown in
Fig. 2, including those with air over dry soil deposits (air-solid), air over submerged soil
deposits (air-mixture) and water over submerged soil deposits (water-mixture). The water

depth is assumed to be 3/5 of the thickness of the soil deposits.
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Conditions of soil frame and water considered herein are given in Fig. 3, in which
Profile A and Profile C are homogeneous profiles and Profile B is an inhomogeneous
profile. The shear modulus of the inhomogeneous profile (Profile B) increases in a step-
wise with depth. Profile A and Profile C are identical except n and k smailer in Profile C
than Profile A. The soil deposits and water are divided respectively into ten and three equal
thickness horizontal layers. In this study, Eq. 19 was used by prefixing the wave number

h.

3. Numerical Resuits

The Rayleigh wave dispersion curves, shown in Figs. 4a through 4c, are
constructed by calculating the frequencies at various prefixed wave numbers for soil
profiles considered. In each profile, completely dry (air-solid), air over submerged soil
(air-mixture) and water over submerged soil (water-mixture) are considered. Elastic
constants of the solid frame is assumed to be identical between the dry and submerged
conditions for the convenience of the study of the effects of the pore fluid in the soil mass.
The shear wave velocity, vs, equal to 228.84 m/sec is used to normalize the frequency for
Profile B (inhomogeneous profile): this corresponds to the average shear wave velocity of
Profile B. The slopes of the curves in the figure are the ratios, Rayleigh wave phase
velocity over shear wave velocity. When the wave number is zero, the body waves
propagates in the straight vertical direction. Therefore, the frequencies at h = 0 in Figs. 4a
through 4c are the natural frequencies of the soil deposits under one dimensional body
waves vertically propagating in soil deposits. Those frequencis for a homogeneous solid
stratum are OH/v = ji/2 (j = 1,3,5,7,+++) in which v is either S-wave velocity (vs) for S-

waves or P-wave velocity (vp) for P-waves.

11



Let us first look at the dispersion curves for the dry soil case. The hehaviors
associated with each of the dispersion curves at hH = 0 are those of one particular body in
waves vertically propagating. For example, the curves of the first and third mode waves in
Fig. 4a intercept respectively at wH/vs = ©/2 and 31/2 and therefore those waves are S-
waves, whereas the curves of the second and fourth mode waves intercept respectively at
wH/vp = 7/2 and 37/2 and therefore those waves are P-waves. Tangent slopes of the
curves are zero at h = 0 and increase with hH to one and vp/vg respectively, for the first
three mode waves and the fourth mode wave. This indicates that the Raleigh waves at
sufficently large h exhibit predominantly the S-wave characteristics in the first three mode

"waves and the P-wave characteristics in the fourth mode wave'\i'n the range of sufficiently
large hH. This is because, as increasing hH, the ray path orientations of the body waves
forming the Rayleigh waves approach to the horizontal direction thus resulted in the phase
velocities approaching to the predominent body wave velocities. Since there is no

imaginary part in the complex frequency , the waves are not damped at all in the dry sotl

case.

When the soil frame is submerged, the motions are induced in the fluid as well as
the solid frame and the damping develops because of the relative motions between the soil
frame and pore fluid. Thus, the imaginary part of the frequency appears in the dispersion
curves. Two types behaviors can be seen in Figs. 4a, 4b and 4c in the submerged soil.
One type shows the the real part behavior similar to that observed for dry soil and thus is
associated with significant motions in the soil frame. On the other hand, the complex
frequency in the second type consists.of no real part but only the imaginary partath=0:
this indicates that the wave motion does not exist in this type and the motion decays
monotonically with time. Those curves of the second type increase very sharply with hi
so that the slopes in real part of dispersion curves are between those of vp/vs and vi/vg, in

which vg = wave velocity of acoustic wave in water (= (Ke/pp)9-3). Significant fluid

12
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motions are found to be associated with this second type behavior, after a close
examination of the displacements in the solid frame and fluid. The second type behavior
eventually becomes the first type behavior as the the wave number becomes sufficiently
large except for the first mode wave in the air-mixture case as shown later . The imaginary
part or damping appears to increase as the soil permeability decreases. As is seen in Figs.
4a through 4c, the water in the soil pore and above the soil surface significantly affects the

dispersion curves in general.except hH = 0 whereas it does very little at hH=0.

Normalized displacement shapes along the depth are shown in Fig. 5 for hH=0.
The normalization is made by dividing the displacements by th'\c' largest one between the X
and y componets of soil frame displacement amplitude at the soil surface. The
displacement of the fluid is defined as the relative displacement in the pore space (=w/n).
The values are not plotted when they are very small.’ The soil frame displacements for hH
= () are pure horizontal in the first and third mode waves and pure vertical in the second and
fourth mode waves as are seen in Fig. 5. This can be understood because the waves are
respectively the vertically propagating SH-waves and P-waves in those two cases. Relative
fluid displacements in the x direction are nearly identical to the x direction solid frame
displacement but in the opposite direction as shown in Figs. 5a and 5b. Therefore the
absolute fluid displacements are negligible when the motions are in the x direction at hH =

0. On the other hand, the absolute fluid motion is induced in the y direction motions at hH

= (). The soil frame motions are very little or not affected by the pore fluid when hH = 0.

Fig. 6 shows normalized displacements along the depth for hH =5, computed in a
similar manner as that in Fig, 4. Because of a strong coupling between the P-waves and §-
waves in forming Rayleigh waves at hH = 3, the motions now have both inx and y
components. The phase shifts between the two component motions are nearly 900

although the damping caused by the fluid motions tends to distort it. It is interesting to

13
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note that the fluid motions in the first mode wave at hH = 5 are significant for the air-
mixture case but does not for the water-mixture case. This implies that very flat dispersion
curves (vph ~ 0) correspond to waves causing significant fluid motions. For a particular
case considered, the reduction in porosity (and thus permeability) increases the fluid
motions as shown in Fig 6¢ and therefore increases the damping as noticed after comparing
between the imaginary parts of the frequencies computed for two porosities (e.g. Fig. 4b
(b) and Fig. 4¢ (b)). In general, the pore water and water above the soil surface affect very
little the soil motions when the body waves are limited to propagate only in a straight

vertical direction (hH = 0) but affect significantly for other cases.

Soil surface displacement amplitude ratios between the two components of the soil
frame motions, associated with an individual Rayleigh wave, are plotted in Fig. 7 for
various hH. The ratio is computed by dividing the minor component by the major
component. The major component is designated in the figure by either x for the x
component or y for the y component. The effects of soil pore water and water above the

soil surface are complex and no clear trends can be observed in this figure.

CONCLUSIONS

The effects of an offshore environment are investigated on the Rayleigh waves
motions, including the vertically propagating one dimensional body waves as a spcial case.
Offshore soil deposits are considered to be submerged under a certain depth of the water.
Analytical formulations of surface wave motions are developed by the finite element
scheme taking into account a coupling between the fluid and soil frame motions.

Numerical analyses are conducted for dry soil deposits (air-solid), air over the submerged

14
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soil deposits (air-mixture) and water over the submerged soil deposits (water-mixture)
assuming three different soil profiles. The computed results for those different cases have

revealed the followings:

1. The offshore environment affects very little the soil motions associated with
vertically propagating body waves but doe significantly the Rayleigh wave

motions in general.

2. Relative motions between the solid frame and the pore water produce a damping
under the submerged condition, and this trend appears to be more significant for the

smaller porosity (or permeability) case considered herein.

3. The real parts start at zero and sharply increase with hH, in some of Rayleigh
wave dispersion curves in submerged soils, and significant fluid motions are

associated with this region of the behavior.
4. For the air-mixture case, the real part of the dispersion curve corresponding to
the fundamental mode starts at zero and becomes flat with increasing the wave

number. Significant fluid motions are associated with this wave mode.

5. The offshore environment can both increase and decrease the vertical seafloor

motion relative to the lateral motion, and no clear trends can be observed.

15



FUTURE STUDY

The present study clearly shows that the offshore environment affects the Rayleigh
wave soil motions. The study was made for an individual wave mode indépendently
although the motions are resultants of the superposition of the motions associated with
various modes as indicated in Eq.23a: significance of an individual mode is defined by the
value Mj in Eq. 23a. In addition, since the offshore environment produces various degrees
of damping amohg mode waves, some mode waves may be damped out with the distance
quickly others may slov{fly. Therefore, the offshore environment needs to be further
investigated for U defined in Eq. 23 in order to draw a more cdmplete picture.
Furthermore, since the offshore environment affects the Rayleigh waves definitely, it is
important to further investigate how the long periods portion of the seismic response
spectra are affected by the offshore environment. In those studies, U defined in Eq. 23

will be computed for various cases by the procedure described above and below Eq. 24,
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TABLE 1
EXPRESSIONS OF SUB-MATRICES IN M

2 0 1 07
pH 2 0 1
M = 7g~ 2 0
sym
h— 2“
2 0 1 07
2 0 1
p.H
Myw = m3u= "'f6_ 5 0
Sym
— 2-
T2 0 1 0]
" E 2 0 1
sym
- 2_
N TABLE 2
EXPRESSIONS OF SUB-MATRICES IN C
2 0 1 07
2 0 1
Coe = A
sym
| 2 ]
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TABLE 3
EXPRESSIONS OF SUB-MATRICES IN K

where A = A +2G + 02Q. -

ABh® G
3 TH 0
GHR® . A
~3 'H
sym.
— 0 H(A-G)
(A-G) 0
0 -(A+G)
-(A+G) 0
B i3
2 -
i& 0
_ hoQH
= 25 N
b H
13
_ H 0
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APPENDIX A
DERIVATION OF GROUP VELOCITIES

Consider a solution,® and U, to the eigenvalue problem in Eq. 19 and also slightly

different number h+dh. The latter solution satisfies the equation:

K + E_Ba'HK dh - (@0 + do9)M +i(@ + d)C) (u +du) =0 (A.1)

Using 19 and neglecting the small terms of the second order yields

[55-’]H K dh - d*M + i do*M +1 dowClu + (K - @M +i oCl du =0 (A2)
Premultiplying Eq. A.2 by UT leads to

-uTb%Ku dh +uT [K - 0*M +i0C] du = do uT 20M -1 Clu (A3)

By taking into account the matrices K, M, and C are symmetric, the group velocity can be

written as
T9.
v - 519 B U ahKU
g = T (A4)
dh Ui[2oM -1 CIU

Al
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APPENDIX B
COMPUTER PROGRAM RLW

Finite element formulations developed in this study is coded in a computer program

RLW. The listing of the program is attached at the end of this report.

1. Program Structure

A flow chart of the program is shown in Fig. B.1. The program consists o_f several

subroutines as follows:

— RDD
— EKMAT — KMAT — TMULT
— EMMAT —~MMAT

RLW ECMAT. —CMAT
— TINVSS
+—— CG (EISPAK)
~ external

where those subroutines are

RDD: data inputv

EKMAT: computation of global matrices A, B and G where K =h?A +ihB + G
KMAT: computation of element matrices A, B and G for each element

TMULT matrix multiplications ABC

EMMAT: computation of global mass matrix M

MMAT: computation of element mass matrix M for each element

Bl
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ECMAT: computation of global damping matrix C

CMAT: computation of element damping matrix C for each element
TINVSS: matrix inversion
CG: solution of eigenvalue problem

2. Input Information

TITLE
(10A4)

TITTLE = alphanumeric string

NMAT / NWATER /
215)

NMAT = number of sets of materials (< 5)

NWATER = number of elements for water

IMAT1 / NELMAT /
(215)

THCK / GM / PO / ANR / AKS / PERM / ROES /
(7F10.0)

Repeat those two cards as many as NMAT
NMATI = material set number

NELMAT = number of elements for material IMAT]

B2
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R A G ER

- THCK = thickness of the layer (m)
GM = shear modulus (Kg/m2)
PO = Poisson's ratio
ANR = porosity
AKS = bulk modulus for solid grain, Ks (Kg/m2)
PERM = permeability (m/sec)
ROWS = mass density for solid phase (kg/m3)

AKF / ROW /
(2F10.0)

AKF = bulk modulus of fluid, Kf (Kg/m2)
ROWE = mass density for fluid phase (Kg/m3)

NAK1 / IAT /
(215)

NAX1 = number of wave numbers to be used in calculation

JAT =0 (Wave numbers are chosen automatically)
= 1 (Wave numbers are designated by the following cards)

ARKDATD 1oL NAKL T
(TF10.0)

Those cards are not needed when IAT =0

AKI1DAT = wave number to be used

B3



OUTFL /
(A30)

QUTFL = file name to be used for output

3. Example

{a) Conditions considered

Example case considered is shown as follows.

v=0.25 ¢ = 1000 kg/m?3 - Kg=00
vs =2000 kg/m3  Kp=2208000000 kg/m?

depth - element material

0(m) -
o1 Gikg/m?) k(m/sec) n
S
2 4000000 0.004 0.45
(1 J— -
3
SO —
4
27 350000G 0.001 0.33
5 .
40 -
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(b) Inputs

‘The input listing for program RLW is

TEST 2 LAYERES, 5 ELEMENTS

2 0
4 3
15. 0 4000000. 0
2 =2
2%. 0 5500000. O
2. 208EY 1000. O
2 1
0.0 0. 02

TEST_TLAY. OUT

(¢) Outputs

The outputs by the computer program RLW are given in the following pages:

0. 2% 0. 45

0. 29 0. 33

B5
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| ReadData |

| Compute M |

y
| Compute C |

)
| Compute M-1 |

for all specifiedh_____;

|
Stiffness matrix

K=h?A +ihB + G

Solve eigenvalue problem
0 I

imo = ¢

Mk -m7c

+

Normalize ¢

r(D_ﬁ!fPUt

Sto

Fig. B.1 Flow chart of computer program RLW
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